A series of studies were conducted using dual energy X-ray absorptiometry (DXA) to measure energy and protein deposition in pigs. In an initial validation study DXA was compared directly with slaughter analysis as a method for measuring energy deposition in pigs. During growth from 30 to 60 kg the mean value for carcass energy deposition measured by DXA was 251 MJ compared to 249 MJ by chemical analysis (R 2 =0.94). Subsequently it was shown that both compensatory growth and the addition of ractopamine to the diet resulted in an improvement in efficiency of protein deposition (PE), however, ractopamine also resulted in a reduction in the efficiency of energy deposition (k g ). Another study was conducted to compare the efficiency of utilization of dietary energy and protein by control and IGF-I transgenic pigs in response to dietary conjugated linoleic acid (CLA). Addition of CLA to the diet resulted in a reduction in k g , though there was no difference in k g based on genotype or sex. The PE was higher (P<0.05) in the IGF-I transgenic pigs. DXA was also used to assess energy deposition in pigs that were either homozygous stress non-sensitive (NN), heterozygous (Nn) or homozygous stress sensitive (nn). During growth from 30 to 60 kg or 60 to 90 kg there were no differences in the efficiency of either energy or protein deposition. In conclusion, DXA can be used to replace the comparative slaughter technique for measuring energy and protein deposition in pigs, thus this approach is useful for identifying differences in energy and protein deposition in pigs of different genotypes or when subjected to various dietary treatments. 
Proteinansatz zu messen. Mit dieser Technik lassen sich Differenzen im Energie-und Proteinansatz bei Schweinen verschiedener Genotypen oder in Abhängigkeit von der Rationsgestaltung feststellen.
Introduction
Valid measurements of energy and protein deposition based on changes in body composition require accurate determination of body composition at both the beginning and end of the experimental period. Traditionally, these changes in body composition have been determined by the comparative slaughter technique ( KYRIAZAKIS and EMMANS, 1992; BIKKER et al., 1995) . Recently it has been shown that DXA can be used in conjunction with genetic and nutritional studies in swine to evaluate differences in body composition (MITCHELL and SCHOLZ, 1997; MITCHELL et al., 2002 : OSTROWSKA et al., 2003 MITCHELL et al., 2005; SCHOLZ and FÖRSTER, 2006) . The purpose of the studies reported here was to validate the use of DXA for measuring energy and protein deposition and to apply this approach to pigs of different genetic backgrounds and exposed to various nutritional treatments. Following a period of restricted dietary intake, young pigs exhibit compensatory growth that is characterized by an accelerated growth rate that usually includes more fat and less muscle than in pigs continuously fed ad libitum (MERSMANN et al., 1987) . Fat and lean deposition in growing pigs can also be influenced by the level of protein in the diet and by feeding the β-adrenergic agonist, ractopamine (MITCHELL et al., 1990; SAGGAU et al., 2000; SCHOLZ and FÖRSTER, 2006; CARR et al., 2005) . Thus, studies were conducted to examine the effects of controlled intake, dietary protein level, and ractopamine supplementation on growth, body composition, and the efficiency of energy and protein deposition in pigs during uninterrupted or compensatory growth from 60 to 100 kg. Conjugated linoleic acid (CLA), when added to the diets of mice and pigs, reduces fat deposition and increases lean tissue mass (PARK et al. 1997; DUGAN et al. 1997) . In mice, the reduced fat deposition has been attributed to an increase in energy expenditure (WEST et al. 2000; TERPSTRA et al. 2002) . However, an increase in energy expenditure was not observed in pigs and hamsters fed CLA (MULLER et al. 2000; BOUTHEGOURD et al., 2002) . Pigs expressing the skeletal α-actin-hIGF-I transgene deposit less fat and more lean than their littermate controls (PURSEL et al. 2001) . A part of this study aimed at the measurement of the efficiency of energy and protein accretion in control and IGF transgenic pigs fed diets with or without CLA added. Malignant hyperthermia, the condition associated with a mutation in the DNA sequence encoding the function of the ryanodine receptor 1 (FUJII et al., 1991) , results in changes in energy metabolism. The most dramatic changes occur in pigs exposed to stress. In vivo 31 P-NMR studies have demonstrated halothane induced depletion in muscle ATP and phosphocreatine and accumulation of inorganic phosphate in homozygous stress sensitive (nn) pigs (GEERS et al., 1992; SCHOLZ et al., 1995) with moderate responses occurring in heterozygous (Nn) pigs (SCHOLZ et al., 1995) . Evidence of alteration in energy metabolism under resting conditions is suggested by higher plasma glucose concentrations (OTTEN et al., 1993) and higher intramuscular concentrations of phosphocreatine (DECANNIERE et al., 1993) and phoshpomonoesters (GEERS et al., 1996) . In the long term, these changes in energy metabolism may be associated with decreased lipid deposition and an altered efficiency of the utilization of dietary energy for tissue growth. Another part of this study series used DXA to monitor in vivo changes in body composition and energy deposition in pigs of different ryanodine receptor 1 genotypes.
Material and methods
Validation study A total of 24 pigs were used in the study. Starting at 10 kg, 12 pigs were fed a 12% protein diet (15.36 MJ/kg) and 12 pigs were fed an 18% protein diet (14.77 MJ/kg) to induce moderate differences in body composition. At 30, 40, 50 and 60 kg, three pigs from each diet were killed and then scanned by DXA (Lunar DPXL). Following the scanning procedure, the bodies of the pigs were frozen. Later, the GI tract was removed and the carcass was homogenized by grinding. The lipid and protein content of the ground carcass were measured by chemical analysis. Composition of the two groups of 30 kg pigs served as the starting point for energy deposition measurements.
RAC studies
Eight groups of pigs (four groups of barrows, RAC-B and four groups of females, RAC-F; 54 pigs in total) were scanned by DXA (Lunar Prodigy) for body composition analysis at a starting weight of 60 kg and at a final weight of 100 kg. Four groups of pigs (two groups of barrows and two groups of females) were fed at continuous intake levels from 60 kg: ad libitum (A) the basal diet (186 g/kg CP and 13.58 MJ/kg ME), ad libitum plus 20 mg/kg ractopamine (R). Four groups of pigs (two groups of barrows and two groups of females) were maintained at 60 kg for 56 d, scanned by DXA again, and then fed: ad libitum intake (M-A), and ad libitum intake plus R (M-R).
PROT study Three groups of pigs (24 pigs in total) were scanned by DXA (Lunar Prodigy) for body composition analysis at a starting weight of 60 kg and at a final weight of 100 kg. One group was fed at continuous intake levels from 60 kg the basal diet (186 g/kg CP and 13.58 MJ/kg ME), limited at calculated (C) energy intake level (NRC, 1988) . Two groups were maintained at 60 kg for 56 d, scanned by DXA again, and then one group was fed 200 g/kg CP (13.73 MJ/kg ME) diet at C intake (M-HP) and the other was fed 120 g/kg CP (13.79 MJ/kg ME) diet at C intake (M-LP).
TG/CLA study Transgenic pigs were produced with a fusion gene composed of avian skeletal α-actin regulatory sequences and the cDNA encoding IGF-I (PURSEL et al., 2004) . Transgenic (T) and sibling control (C) progeny were produced by mating two half-sib G-1 transgenic boars to non-transgenic gilts. At 60 kg, each pig was scanned by DXA (Lunar DPXL) for body composition analysis, then placed on a diet with a CP content of 182 g/kg, a ME content of 13.8 MJ/kg, and supplemented with either corn oil at 20 g/kg (CO diet) or CO at 10 g/kg plus CLA at 10 g/kg (CLA diet). Thus, the four genotype-diet combinations were: C-CO (n=25), C-CLA (n=25), T-CO (n=24), and T-CLA (n=23). Distributed among these were 54 females and 43 barrows. Total feed intake was measured for each pig individually. Each pig was scanned again by DXA at 110 kg.
RRG study
A total of 32 pigs were evaluated by live DXA (Lunar DPXL) scanning at 30 and 60 kg (RRG-60). The pigs were identified by the ryanodine receptor (RYR1) gene test described by BRENIG and BREM (1992) as being either homozygous stress non-sensitive (NN, 14 pigs), heterozygous (Nn, 11 pigs) or homozygous stress sensitive (nn, 7 pigs). In addition, sixteen of these pigs (NN, 6 pigs; Nn, 6 pigs; nn, 4 pigs) were scanned again at 90 kg (RRG-90).
DXA scanning
Diet was withheld for 18 hours prior to scanning and, immediately prior to scanning, each pig was weighed on an electronic scale (± 0.2 kg). Each pig was placed on the instrument in a prone position and a total body scan was performed. All pigs were anesthetized. The DXA scans were performed using either the Lunar DPXL or the Lunar Prodigy densitometer as noted above. Estimates of energy deposition were based on DXA measurements of total body fat and total body protein calculated from DXA lean body mass measurements. The use of DXA for measuring total body fat and protein of pigs within this range in body size has been validated through slaughter and chemical analysis of pigs from this and other studies (MITCHELL et al., 1996) . Total body protein was calculated from the DXA lean values using the following equation: protein (g) = -1.062 + (0.2·DXA lean). Feed intake was measured for each pig individually. Total body fat and protein deposition were based on the differences between the initial and final DXA measurements of fat and lean. The energy content of the carcass was calculated assuming 23.765 MJ/kg as the energy value for body protein (KLEIBER, 1961) and 39.581 MJ/kg as the value for body fat (SAINZ and WOLFF, 1988) . Statistics Statistical analysis was performed using Statgraphics Plus® for Windows 2.1. Differences between means were evaluated by analysis of variance followed by a multiple range test (LSD at 95% confidence interval). Linear regression analysis (Sigma Plot® 7.0) was used to compare the relationship between the rate of fat deposition and the efficiency of energy deposition, the rate of protein deposition and the efficiency of protein deposition, and energy intake and efficiency of protein deposition.
Results and discussion

Validation study
The results for the measurement of total body fat by both DXA and chemical analysis are shown in Tab. 1. There was close agreement between the two methods, with both showing a progressive increase in body fat (percent and total) as the weight of the pigs increased from 30 to 60 kg, and a consistent difference between pigs fed diets containing 12 or 18% protein. The measurements of total carcass fat (kg) by the two methods were highly correlated (R 2 = 0.97). Comparing the mean values of all pigs for either percent fat or as lipid contribution to total carcass energy content (MJ), there was no significant difference (P>.05) between chemical and DXA measurements. A comparison of chemical and DXA values for the percent protein and the calculated protein contribution to total body energy content is also shown in Table 1 . By both methods, a significant difference (P < 0.05) was observed for carcass protein (% or MJ) as a result of the dietary treatments. For pigs fed the 18% protein diet, the DXA estimate of % protein in the carcass was slightly higher than the chemical value, however for pigs fed the 12% protein diet the DXA estimate was significantly lower (P<.05) than the chemical value. These differences also appeared when expressed as total protein content, but were not significant (P > 0.05). The effects of various dietary and genetic factors on the efficiencies of energy (k g ) and protein (PE) deposition are shown in Tab. 3. When pigs were fed ad libitum, ractopamine (RAC study) resulted in an improvement in PE in both groups (A-R and MA-R), but not in k g . Similarly, compensatory growth in the ad libitum intake pigs (MA and MA-R) had no effect on k g , but resulted in a significant improvement in PE (0.26 vs. 0.20, P<0.05). Numbers within a column and study followed by a different letter were significantly different (P < 0.05). § B = barrow, F = female, M = male.
* Adjusted for the effects of a low protein diet on nitrogen excretion and heat production as reported by LE BELLEGO et al. (2001) .
The gross efficiency of feed utilization for growth was improved during compensatory growth and was accompanied by an increase in the efficiency of protein deposition. However, compensatory growth had no effect on the efficiency of energy deposition. A study by LOVATTO et al. (2006) concluded that compensatory growth of pigs following a period of feed restriction does not appear to be related to a change in the metabolic utilization of energy for gain. GÄDEKEN et al. (1983) also observed that pigs undergoing compensatory growth had increased protein deposition that was attributed to higher protein digestibility and higher efficiency of utilization, however there was no difference in the efficiency of utilization of metabolizable energy when compared to control pigs. Measurements of protein turnover during compensatory growth suggest that muscle protein synthesis increases at a faster rate after the change to ad libitum feeding and reaches the same level as control pigs before muscle protein degradation (THERKILDSEN et al., 2002) .
Ractopamine has been shown to improve the efficiency of feed utilization in pigs (WATKINS et al., 1990; HE et al., 1993; DUNSHEA et al., 1998) . In the present study, ractopamine treatment resulted in an improvement in the efficiency of protein deposition. The effect was more pronounced during compensatory growth. It appears that both compensatory growth and ractopamine improve the efficiency of protein deposition in part due to the increase in protein deposition -see Fig. 1 . Ractopamine resulted in a reduction in the efficiency of energy deposition, with the effect being primarily in the pigs that were fed ad libitum throughout the study. It is unlikely that the reduction in the efficiency deposition associated with ractopamine treatment was the result of an increase in basal metabolic rate. YEN et al. (1991) reported that ractopamine treatment had no effect on postprandial whole-animal heat production in pigs. In addition, a study by FERNÁNDEZ et al. (1998) found that salbutamol did not alter energy metabolism in swine and concluded that the detected differences in energy retention were a consequence of the modified protein and fat deposition pattern. For pigs fed at the calculated intake level, the MC-LP group (PROT study) had higher efficiency for both energy and protein deposition compared to the C or MC-HP groups. These differences are consistent with the effects of a low protein diet on nitrogen excretion and heat production as reported by LE BELLEGO et al. (2001) .
In the TG/CLA study, the k g was higher (P<0.05) for the C-CO pigs compared to the C-CLA or T-CLA pigs, while the T-C pigs were intermediate (Tab. 3) . Overall, the k g was higher for pigs fed the CO diet compared to those fed the CLA diet (CO = 0.35, > CLA = 0.32, P < 0.05). This is consistent with the CLA induced increase in energy expenditure observed in mice (WEST et al. 2000; TERPSTRA et al. 2002) . There was no difference in k g based on genotype or sex. There was a close relationship between k g and the rate of fat accretion, independent of diet or genotype (Fig. 2) . Thus, according to this model, a more efficient utilization of energy allowed more energy to be available for fat deposition. The PE was higher (P<0.05) in the T-CO and T-CLA pigs compared to the C-CO and C-CLA pigs; hence there was a significant genotype effect. There was also a significant sex effect (females = 0.24, > barrows = 0.22, P < 0.05), but no diet (CLA) effect. The utilization of dietary energy for fat (k f ), protein (k p ) or total body growth (k g ) during the 30-60-90 kg growth phases by pigs of different ryoanodine receptor 1 genotypes (RRG studies) is shown in Tab. 4. There was a trend toward a decrease in the utilization of energy for fat deposition in favor of protein deposition by the nn and Nn genotype relative to the NN genotype. However, the only significant difference appeared during growth from 30 to 90 kg, when the nn pigs deposited more protein relative to energy intake than did the NN pigs, with the Nn pigs being intermediate. There were no differences among genotypes in k g . Although metabolic events associated with the ryanodine receptor 1 defect would suggest that the nn pigs might be less efficient with respect to energy utilization, DXA results revealed no differences in k f or k g . In fact, during growth from 30 to 90 kg, protein deposition per MJ of energy intake was more efficient in the nn pigs. However, k g , k f and k p decreased (P<0.05) in all three genotypes in the 30-60 kg growth phase when compared to the 60-90 kg growth phases. From this study (RRG), inferences regarding the measurement of energetic efficiency and its association with the ryanodine receptor 1 defect would be difficult considering the small number of pigs observed during the 60-90 kg growth phase. However, the results shown in Tab. 3 suggest that energetic efficiency during the 30-60 kg growth phase decreased in the following order NN > Nn ≥ nn. One could speculate that the reduced energy efficiency in pigs carrying the defective n allele may be due to higher maintenance energy requirements resulting from partial energy decoupling probably caused by latent increased intracellular Ca 2+ concentration and a higher energetic cost for increased protein synthesis. Reduced lipid deposition could result from less available energy and/or indirect activation of the lipolytic system via catecholamine induced cAMP turnover. Regression analysis of relationship between energy efficiency and fat deposition rate and between protein efficiency and protein deposition rate are shown in Tab. 5. In both cases, the relationships were fairly uniform for each study, resulting in overall high correlations within each study. However, between studies differences were more obvious. These differences appear more clearly in Fig. 1 and 2 , where in both cases the younger pigs (RRG-60 study) were clearly more efficient relative to deposition rate. Among the older pigs (those started at 60 kg), it is likely that differences in intake level contributed to the differences between studies. There was also a close inverse relationship (R 2 = 0.69) between the efficiency of protein accretion and the total energy intake (Fig. 3) . The reduction in efficiency of protein accretion with increasing energy intake is consistent with the results of BIKKER (1994). In conclusion, DXA can be used to replace the comparative slaughter technique for measuring energy and protein deposition in pigs, thus providing a more direct measurement that requires fewer animals. This technique is useful for identifying differences in energy and protein deposition in pigs of different genotypes or when subjected to various dietary treatments.
